Autophagic or necrotic cell death (ACD and NCD, respectively), studied in the model organism Dictyostelium which offers unique advantages, require triggering by the same differentiation-inducing factor DIF-1. To initiate these two types of cell death, does DIF-1 act through only one or through two distinct recognition structures? Such distinct structures may recognize distinct motifs of DIF-1. To test this albeit indirectly, DIF-1 was modified at one or two of several positions, and the corresponding derivatives were tested for their abilities to induce ACD or NCD. The results strongly indicated that distinct biochemical motifs of DIF-1 were required to trigger ACD or NCD, and that these motifs were separately recognized at the onset of ACD or NCD. In addition, both ACD and NCD were induced more efficiently by DIF-1 than by either its precursors or its immediate catabolite. These results showed an unexpected relation between a differentiation factor, the cellular structures that recognize it, the cell death types it can trigger and the metabolic state of the cell. The latter seems to guide the choice of the signaling pathway to cell death, which in turn imposes the cell death type and the recognition pattern of the differentiation factor.
In animal cells, apoptosis has long been considered the major if not the exclusive type of cell death. However, other cell death types can occur, such as autophagic or necrotic cell death (ACD or NCD, respectively). Although the pathophysiological importance of ACD and NCD is increasingly appreciated, [1] [2] [3] [4] [5] they are still incompletely defined. The cellular slime mold Dictyostelium discoideum is an excellent eukaryote model organism for both cell and developmental biology. Its cells grow as single amebae in rich medium, but when starved start a developmental program of morphogenesis and gather to form a fruiting body comprising a multi-cellular stalk. In this stalk, cells are dying or dead, thus providing an example of developmental cell death. The latter can be mimicked and studied under in vitro monolayer conditions. 6 Three main advantages make Dictyostelium an exceptionally favorable model to study the induction of nonapoptotic cell death. First, its small, sequenced and haploid genome [7] [8] [9] facilitates mutagenesis and other genetic approaches. Second, the Dictyostelium genome includes no genes of the two main molecular families (caspases and bcl-2 family) ensuring apoptosis in animal cells, except one paracaspase that we found not to be involved in cell death. 10, 11 Thus, in Dictyostelium cells there is no caspase/bcl-2-dependent apoptosis machinery that could mediate apoptosis or interfere with nonapoptotic cell death.
Third, and most importantly, induction of cell death in Dictyostelium under in vitro monolayer conditions requires two distinct stimuli (Figure 1a ), first starvation (and adenosine 3 0 -5 0 -cyclic monophosphate (cAMP), which will not be studied nor discussed separately from starvation here), then stimulation by differentiation-inducing factor-1 (DIF-1), a major DIF in Dictyostelium. 6,12-15 DIF-1 is a dichlorinated alkyl phenone that is required for induction of cell death in vitro 6, 16, 17 ( Figure 1b) . In some Dictyostelium strains such as HMX44A (see below), DIF-1 is not made in sufficient amounts by starving cells in vitro, which thus require addition of exogenous DIF-1 to die.
The same two signals, starvation and DIF-1, were required for induction of distinct types of cell death, however in different cellular circumstances. When wild-type Dictyostelium cells were subjected to starvation and DIF-1, they underwent ACD, with emergence of paddle cells and IP3R-dependent and transcription factor-dependent vacuolization and death. [16] [17] [18] [19] [20] [21] When cells mutated for the atg1 autophagy gene were similarly treated, they underwent NCD instead, with mitochondrial uncoupling causing perinuclear clustering, then lysosomal and plasma membrane alterations ( 22, 23 ; Giusti et al., in preparation; Figure 1a ). Remarkably, these two different types of death both required induction by DIF-1, in cells subjected to either starvation alone (wt cells, induced to undergo ACD), or starvation aggravated by inhibition of autophagy (atg1 À cells, induced to undergo NCD). Thus, the 'starvation context' of the cell modified the outcome of signaling by DIF-1.
Autophagic cell death or NCD following addition of DIF-1 could be due to recognition of DIF-1 by the same structure (S 0 in Figure 1a ), leading through a common initial stretch, then distinct downstream pathways to either mitochondrial lesions and NCD, or to other lesions and ACD. Alternatively, recognition of DIF could be ensured by distinct structures (S 1 and S 2 in Figure 1a) , and the corresponding distinct downstream events would lead to NCD or ACD, respectively. In this case, these death pathways would be distinct from the start. If the DIF-1-recognizing structures are different, what they recognize on DIF-1 might be different.
In this study, we tested derivatives, differing from DIF-1 by substitutions at one or two positions, for their ability to trigger ACD or NCD. We found that distinct motifs of DIF-1 were required to trigger these cell death types. Thus, the same differentiation factor DIF-1 was recognized differently to effect distinct cell death pathways, as a function of the starvation context of the cell.
Results
In preliminary experiments, DIF-1 ( Figure 1b ) and 21 derivatives thereof 24 were tested for their ability to induce ACD or NCD on Dictyostelium HMX44A and the corresponding atg1 À HMX44A.atg1-1 mutant cells. 22 All figures show only results obtained in the HMX44A background, whereas the main results in this report have also been obtained in the DH1 background (not shown). A few of the 21 DIF-1 derivatives, listed in Figure 1c , were found especially informative and were studied in more detail.
Differential induction of autophagic and necrotic cell death. Autophagic cell death was tested on HMX44A cells, checked by microscopy in terms of cell vacuolization and quantified through regrowth tests. 16 NCD was tested on HMX44A.atg1 À cells, checked by microscopy in terms of appearance of perinuclear clustering and cell debris and quantified through scatter changes by FACS. 23 There was consistent agreement between microscopy and quantitative tests. Figure 3b ). In parallel, in these experiments the ACDinducing efficiency was within the same order of magnitude for 107 and for DIF-1 (Figure 2b ), although sometimes less marked for the former (Figures 3c and 4b) .
Compared to DIF-1, 107 was less able to induce NCD, not only in terms of plasma membrane rupture, but also in terms of mitochondrial perinuclear clustering ( Figure 3a ) and induction of 2 0 ,7 0 -dichlorofluorescin diacetate (DC-FDA) fluorescence (an indicator of ROS production, here in mitochondria 23 ) qualitatively ( Figure 3a ) and quantitatively ( Figure 3b ). Although these traits were checked here 30 min after addition of DIF-1, DC-FDA fluorescence has been shown to occur in this system as soon as 3 min after addition of DIF-1. 23 As DC-FDA fluorescence is mitochondrial and reflects mitochondrial uncoupling causative of downstream NCD events, 23 these results indicate that the lesser effect of 107 compared to that of DIF-1 is inflicted at or before mitochondrial uncoupling.
Interestingly, derivative 114 showed a behavior reciprocal to that of 107. Compared to DIF-1, 114 showed far less ability to stimulate ACD and about the same ability to stimulate NCD Figure 1 Dictyostelium cell death types, DIF-1 that induce them, and derivatives thereof. (a) The differentiation factor DIF-1 can induce autophagic vacuolar cell death (ACD, right) or necrotic cell death (NCD, left) provided the cells are first subjected to starvation. The choice between DIF-1-induced cell death types is a function of the state of these starved cells. In wild-type cells, ACD occurs, [16] [17] [18] [19] [20] [21] and this requires the IP3R probably to ensure Ca2 þ flux from the ER to the cytosol. 18 When autophagy cannot take place because of an atg1 À mutation, NCD occurs. 
, suggesting these are induced through a pathway distinct from that inducing vacuoles in agreement with previous mutagenesis results. 18 Induction of paddle cells has not been investigated further because it could not be quantified easily. In all these experiments, 107 and 114 were tested on either wild type for ACD or atg1 À cells for NCD, but similar results were obtained when 107 and 114 were tested on wild-type cells under stringent conditions favoring either ACD or NCD (not shown). Also, the same reciprocal hierarchy of induction by 107 or 114 of ACD or NCD was found with DH1 and DH1.atg1
À cells (not shown). Derivatives 107 and 114 were directly compared in four experiments, at a range of concentrations, for their ability to induce ACD or NCD on starved HMX44A or HMX44A.atg1
À cells, respectively. Statistical t-tests confirmed that in particular at a concentration of 100 nM, 107 was more efficient than 114 to induce ACD (P-value ¼ 0.02), but less efficient than 114 to induce NCD (P-value ¼ 0.008). Altogether, given modifications of DIF-1 differentially led to less induction of ACD or less induction of NCD.
Differential lack of induction rather than inhibitory activity. Derivative 107 might lead to less NCD (and reciprocally 114 may lead to less ACD), either because it does not induce it, or because it actively inhibits it. Absence of induction or active inhibition would have different implications as to recognition of DIF-1 and its derivatives. We subjected cells to a mixture of 107 and 114 at equal concentrations (marked deviation from equal concentrations was impractical because of derivative effects at high concentrations). Derivative 114 did not inhibit ACD induction by 107 (Figure 3c ), and derivative 107 did not inhibit NCD induction by 114 (Figure 3d ). Thus, 107 and 114 may not actively inhibit NCD or ACD, but rather passively fail to induce NCD or ACD, respectively. Taken together, these and the results above indicate that 107 and 114 trigger less efficiently either NCD or ACD, respectively, through lesser recognition at the onset of one but not the other pathway.
Autophagic cell death-subefficient derivative 114 is distinct from DIF-1 at positions R1 and R3 (Figure 1b and c) . Derivative 115 (similar to 114 at R1, and to DIF-1 at R3) behaved like 114 (Figure 2b and d and not shown), which implies that it is mainly the modification at R1, which cripples 114. Also, NCD-subefficient derivative 107 is distinct from DIF-1 at position R4. Altogether, in the DIF-1 molecule R4 seems important for NCD induction, and R1 for ACD induction, showing that substitutions at given positions of this Death-inducing activity of precursors or catabolites of DIF-1. Immediate precursors and catabolites of DIF-1 were identified by Kay and colleagues 13, 25, 26 (Figure 4a ). We investigated their death-inducing ability. THPH (Figure 1c ) had little ACD-or NCD-inducing ability, whereas interestingly at the same concentrations it triggered paddle cell formation (not shown). The chloroperoxidase-mediated acquisition of two chlorine radicals led to gain of ACD (but not NCD)-inducing ability (compare THPH and 107; Figure 4b ). Further methyltransferase-mediated replacement of the hydroxyl by an OCH3 group at R4 led to DIF-1 and resulted in gain of NCD-inducing ability (compare 107 and DIF-1; Figure 2a ). DIF-1 was thus able to induce both ACD and NCD. A dechlorinase led to loss of the chlorine at R3, with the resulting moderate (less than one order of magnitude) decrease in ability to induce both ACD and NCD (compare DIF-1 and DIF-3; Figure 4c ). This suggests that, of the two was not less efficient than 114 alone to induce NCD, showing that neither 107 nor 114 had inhibitory activity on the type of cell death that they did not induce chlorine that conferred ACD-inducing ability to 107, the one at R5 mattered most.
Altogether (Figure 4 ), on the DIF-1 biosynthetic pathway from THPH to DIF-1, there was acquisition of ability to induce, first ACD, then also NCD. On the DIF-1 catalytic pathway from DIF-1 to DIF-3, both abilities somewhat decreased. DIF-1 thus seems to represent an optimum, leading one to wonder what could be the selective advantage of this optimization. In particular, that DIF-1 should be optimal not only for ACD induction, but also for NCD induction is an argument in favor of a physiological role also for NCD (or for a function related to NCD).
Discussion
This report shows that in starved HMX44A cells, DIF-1 recognized according to a given pattern triggered ACD; and that in starved HMX44A.atg1-1 cells, DIF-1 recognized according to another pattern triggered NCD. The atg1 À autophagy gene mutation would aggravate the starving state of the cell. These results thus indicate the existence of a relation among a differentiation factor, the cellular structures that recognize it, the cell death types it can trigger and the metabolic state of the cell. In principle, differential effects of DIF-1 derivatives could be either because of distinct receptors recognizing different regions of DIF-1, or to different accessibility to the same receptor located in distinct subcellular structures. The latter explanation would require that DIF-1 can access say structures A and B, 107 only A and 114 only B. These reciprocal shifts in accessibility through limited modifications of a small molecule seem unlikely. Also, this explanation would require that the same receptor in different locations could trigger entirely different downstream cascades. Although this cannot be ruled out, we favor the other explanation, of distinct 'receptors' recognizing DIF-1 from different angles. 'Receptor' is taken here in a broad sense, stretching from a classical lock-and-key molecular fit to local physical conditions favoring charge or hydrophilicity.
As paddle cell formation is not easily quantifiable, we did not systematically investigate whether, within ACD, and between derivatives, there could be a dissociation between induction of vacuolization and death and induction of paddle cells. Still, it is remarkable that DIF-1 would induce vacuolization and death in the 10-100 nM range, whereas it would induce paddle cells already at much lower concentrations (0.01-0.1 nM), and that THPH at given concentrations induced paddle cells but neither ACD nor NCD. These results (not shown in detail), and the fact that paddle cell induction by DIF-1 could be genetically distinguished from ACD vacuolization and death 18 , are in line with different pathways to paddle cell formation and to vacuolization, but they do not allow firm conclusions as to whether there is only one or distinct receptors in these cases. Altogether, these studies indicated the existence in/on Dictyostelium cells of at least two (leading to NCD or ACD), and perhaps three (also leading to paddle cells) distinct DIF-1-recognizing 'receptors'.
To explain how a given type of cell death seems linked to a given pattern of reactivity to DIF-1 derivatives as a function of the state of the cell, we propose the following simple hypothesis ( Figure 5) . Irrespective of the metabolic state of the cell, DIF-1 would bind to several 'receptors', each able to trigger a distinct type of cell death through its corresponding downstream pathway. For NCD, given receptors (or physical conditions) would allow recognition/location of say DIF-1 and 114 but less so of 107 at the mitochondrial internal membrane, leading to uncoupling. Arguments for mitochondria as a direct target for DIF-1 at the onset of NCD are immediate uncoupling on addition of DIF-1 23 and uncoupling of isolated mitochondria on addition of DIF-1. 27 For ACD, there could be recognition of both DIF-1 and 107 but less so of 114 at another site, perhaps at the plasma membrane, which would be consistent with a role for the IP3R 18 downstream of this recognition. The metabolic state of the cell (starvation in wt or atg1 À cells) would favor the triggering of one of these pathways. Such prioritizing of a given pathway would lead, downstream, to a given type of cell death, and, upstream, to the apparent use of only the corresponding receptor, with its own pattern of reactivity to given DIF-1 derivatives. In short, the state of the cell would select a given pathway, connected to both a type of cell death and a pattern of recognition ( Figure 5 ). An implication of this hypothesis is that a search for a given DIF-1 receptor should make use of well-defined test conditions including derivatives with a more restricted spectrum of induction than DIF-1 itself (for instance wt cells, induction by 107), to compensate for the possible 'noise' by other receptors for DIF-1.
Differentiation-inducing factor-1 (DIF-1) seems optimized for both ACD-and NCD-inducing abilities, suggesting that being able to undergo either type of cell death is a selective advantage for Dictyostelium. This also indicates that the ability of DIF-1 to be recognized in distinct ways, to lead to ACD or NCD, may be biologically significant.
We show in this report that a given differentiation factor can be recognized in distinct ways, leading to distinct consequences. Some published occurrences of relationships between ligands, receptors and effects are similarly distinct from mere one-to-one relationships. Thus, for instance TNFor ERBB ligand-superfamily members are able to induce multiple effects sometimes through distinct receptors. 28, 29 NGF family members can be recognized by distinct receptors and have distinct functions, 30 and the same situation applies to netrin-1. 31 Perhaps the main novel point brought about by this report is that for a given ligand, here a differentiation factor, the choice of both the operational receptors and the resulting effects may be coordinately guided by the metabolic state of the cell.
Materials and Methods Materials. D. discoideum axenic strains HMX44A (see for derivation 17), HMX44A.atg1-1 (HMX44A mutated for the autophagy gene atg1, 22) were routinely grown at 221C in HL5 medium 32 as modified. 16, 18 Blasticidin (10 mg/ml) was added to the HMX44A.atg1-1 cultures. The HMX44A background was chosen because on starvation these cells produce very little endogenous DIF-1, 33 the death pathways in this background have been studied in some detail 16, 17, 22, 23 and dying cells show features more clearcut than in most other strains; accordingly, only experiments in this background are shown. DH1 cells bearing the atg1 À mutations were similarly grown and tested (no shown). DIF-1, DIF-3 and their derivatives were synthesized as previously described. 24 Inducing and revealing autophagic cell death. For induction of vacuolar death of HMX44A cells, 16, 17 exponentially growing vegetative cells were washed once in phosphate-buffered saline (Soerensen buffer; SB), and incubated in SB containing 3 mM cAMP (Sigma) for 8 h at 221C in Lab-Tek culture chambers (ref. 155380; Nalge Nunc) at a concentration of 3 Â 10 5 cells/1 ml/chamber. Cells were then washed in SB and incubated at 221C in either SB alone or SB containing the differentiation factor DIF-1 (DN1000; Affiniti Research Products, Exeter, UK) or derivatives thereof. After incubation for the indicated period of time, cells in the LabTek chambers were examined by phase contrast microscopy using an inverted Zeiss Axiovert 200 microscope usually with a Â 100 oil immersion objective. Pictures were taken using an Axiocam MRC digital camera connected to a PC equipped with Axiovision (Zeiss). Images were transferred to a Macintosh computer and treated with Graphic Converter. Figure assemblies were done using Illustrator.
Quantitation of cell death was through a regrowth test modified from Levraud et al.
17 HMX44A cells were incubated as indicated above in the presence or in the absence of DIF-1 or of derivatives thereof, for 24 h at 221C. To initiate regrowth of surviving cells, for each Lab-Tek chamber 0.5 ml of SB was removed and 1 ml HL-5 was added. Following 48 to 72 h of additional incubation at 221C, vegetative cells resulting from regrowth were counted. For each chamber, the number of cells was subtracted from the number of cells in control wells initially subjected to starvation only. The resulting figures reflected cell death induced by DIF-1 or derivatives. These figures were then normalized to give a final 'nonregrowth index' of the same order of magnitude than the % membrane-ruptured cells below.
Inducing and revealing necrotic cell death. For induction of NCD, 22, 23 exponentially growing HMX44A.atg1-1 vegetative cells were washed once and resuspended in 10 mM MES, pH 6.4, (MES hydrate, ref. M2933; Sigma; prepared in demineralized water) in Lab-Tek chambers as above. Cells were incubated for 16 h in MES and 3 mM cAMP, then washed once in MES and incubated in either MES or MES with DIF-1 or derivatives thereof. After the indicated period of time, cells in the Lab-Tek chambers were examined by microscopy as above, and FACS determinations of DC-FDA fluorescence and cell membrane rupture were performed.
Possible production of ROS was assessed by microscopy and flow cytometry analysis. 23 For each point of analysis, cells were incubated for 15 min at room temperature, protected from light, with DC-FDA (10 mM; Sigma-Aldrich). For microscopy, cells in Lab-Tek culture chambers were examined directly after incubation by microscopy using Filter set 09 (Zeiss). For flow cytometry, data acquisition was performed directly after incubation, on a FACScan cytometer with CELLQuest software (Becton Dickinson) using FL1 filter. Data were analyzed using FlowJo software (Tree Star Inc.). Data are shown as % DC-FDA fluorescent cells, which reflect initial mitochondrial uncoupling events in NCD.
Flow cytometry enables to quantify the proportion of cells with a disrupted membrane. Cells in Lab-Tek chambers were resuspended and transferred to tubes and data acquisition was performed on a FACScan cytometer with CELLQuest software (Becton Dickinson) for forward scatter (FSC) and side scatter (SSC) parameters that allowed to distinguish cells with a disrupted membrane from those with an intact one. 23 To exclude small debris, a FSC threshold was applied based on the light properties of the cell populations in FSC and SSC modes. In brief, 5000 or 10 000 events were collected per sample. Data analysis was carried out with CELLQuest software. Data are shown as % membrane-ruptured cells, which reflects the end point of NCD.
